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Objectives This study was designed to establish the diagnostic accuracy of cardiovascular magnetic resonance (CMR) perfu-
sion imaging at 3-Tesla (T) in suspected coronary artery disease (CAD).
Background Myocardial perfusion imaging is considered one of the most compelling applications for CMR at 3-T. The 3-T sys-
tems provide increased signal-to-noise ratio and contrast enhancement (compared with 1.5-T), which can poten-
tially improve spatial resolution and image quality.
Methods Sixty-one patients (age 64  8 years) referred for elective diagnostic coronary angiography (CA) for investigation of
exertional chest pain were studied (before angiogram) with first-pass perfusion CMR at both 1.5- and 3-T and at stress
(140 g/kg/min intravenous adenosine, Adenoscan, Sanofi-Synthelabo, Guildford, United Kingdom) and rest. Four
short-axis images were acquired during every heartbeat using a saturation recovery fast-gradient echo sequence and
0.04 mmol/kg Gd-DTPA bolus injection. Quantitative CA served as the reference standard. Perfusion deficits were
interpreted visually by 2 blinded observers. We defined CAD angiographically as the presence of1 stenosis of
50% diameter in any of the main epicardial coronary arteries or their branches with a diameter of2 mm.
Results The prevalence of CAD was 66%. All perfusion images were found to be visually interpretable for diagnosis. We found
that 3-T CMR perfusion imaging provided a higher diagnostic accuracy (90% vs. 82%), sensitivity (98% vs. 90%), spec-
ificity (76% vs. 67%), positive predictive value (89% vs. 84%), and negative predictive value (94% vs. 78%) for detec-
tion of significant coronary stenoses compared with 1.5-T. The diagnostic performance of 3-T perfusion imaging was
significantly greater than that of 1.5-T in identifying both single-vessel disease (area under receiver-operator character-
istic [ROC] curve: 0.89  0.05 vs. 0.70  0.08; p  0.05) and multivessel disease (area under ROC curve: 0.95
0.03 vs. 0.82  0.06; p  0.05). There was no difference between field strengths for the overall detection of coronary
disease (area under ROC curve: 0.87 0.05 vs. 0.78  0.06; p  0.23).
Conclusions Our study showed that 3-T CMR perfusion imaging is superior to 1.5-T for prediction of significant single- and multi-vessel
coronary disease, and 3-T may become the preferred CMR field strength for myocardial perfusion assessment in clinical
practice. (J Am Coll Cardiol 2007;49:2440–9) © 2007 by the American College of Cardiology Foundation
ublished by Elsevier Inc. doi:10.1016/j.jacc.2007.03.028c
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June 26, 2007:2440–9 Utility of 3-T Perfusion CMR for Detection of CADThe most widely used techniques in the assessment of
yocardial perfusion have significant limitations. Although
ingle-photon emission computed tomography (SPECT)
yocardial perfusion imaging is a useful tool for noninvasive
iagnosis of myocardial ischemia, it is susceptible to atten-
ation artifacts (2). Positron emission tomography (PET)
maging corrects for attenuation but has limited availability
nd higher expense. Both SPECT and PET involve expo-
ure to ionizing radiation. Cardiovascular magnetic reso-
ance imaging (CMR) is emerging as an alternative non-
nvasive approach for the assessment of myocardial
erfusion, because it offers superior spatial resolution (3)
hat potentially allows differentiation between subendocar-
ial and subepicardial perfusion, does not involve ionizing
adiation, and, like PET, has the potential to measure
yocardial perfusion in absolute terms (4,5). Contrast
gents can be tracked as they traverse the myocardium after
ntravenous (IV) injection, allowing assessment of myocar-
ial perfusion at rest and during pharmacologic stress with
asodilators such as adenosine (6,7).
Although studies have shown that visual and semiquan-
itative assessment of perfusion CMR at 1.5-Tesla (T) has
oderate accuracy for detection of CAD (8–11), it remains
rincipally limited by low differences in contrast enhance-
ent between normal and underperfused myocardium.
ompared to perfusion CMR at 1.5-T, 3-T systems pro-
ide increased signal-to-noise ratio (12) and contrast en-
ancement (12,13), which can be used to improve spatial
esolution and image quality. The aim of this study was to
ssess the clinical utility of CMR perfusion at 3-T in a
opulation of patients with suspected CAD.
ethods
opulation. We prospectively recruited 65 consecutive pa-
ients with suspected CAD who were awaiting diagnostic
ardiac catheterization as part of routine clinical care.
atients were excluded if they were medically unstable, had
ad a myocardial infarction (MI) in the preceding 2 weeks,
r had any contraindications to magnetic resonance imaging
xamination (metallic implants such as pacemakers, defi-
rillators, cerebral aneurysm clips, ocular metallic deposits,
evere claustrophobia) or to adenosine (second- or third-
egree atrioventricular block, history of asthma). Patients
nderwent CMR imaging in the 2 weeks before coronary
ngiography. No clinical cardiac events occurred in the
eriod between the CMR scan and coronary angiography.
he institutional research ethics committee approved our
tudy. All participants gave written informed consent.
MR protocol. Patients were asked to avoid agents that
ould potentiate (dipyridamole) or antagonize (e.g., caffeine,
ethylxanthines) the effects of adenosine for at least 24 h
efore CMR. Each patient underwent CMR at both 1.5-T
Sonata, Siemens Medical Solutions, Erlangen, Germany)
nd 3-T (Trio, Siemens Medical Solutions) on the same
ay. The scanners had gradient systems with the same rpecifications, with optimal and
dentical settings for echo and
epetition time in each instance,
o that for a segmented gradient
cho sequence, the differences in
ntrinsic signal-to-noise ratio
SNR) and contrast-to-noise ra-
io (CNR) between the 2 field
trengths were accurately re-
ected. Perfusion imaging on
ach system was performed at
east an hour apart and in ran-
omized order. Images were ac-
uired with the patient supine,
sing coils optimized for body
maging by Siemens: anterior
hased-array surface coils and ei-
her posterior phased-array sur-
ace coils (at 3-T) or 2 elements
f the integrated spine coil (at
.5-T). An active Siemens elec-
rocardiogram lead set was used,
ith the 3 leads positioned over
he anterior chest wall.
ine CMR. Cine CMR was
erformed at 1.5-T. From stan-
ard pilot images, short-axis cine
mages covering the entire left
entricle (LV) were acquired using an electrocardiogram-gated
teady-state free precession sequence (echo time 1.5 ms,
epetition time 3 ms, flip angle 60o).
erfusion CMR. Throughout each CMR scan, patients
ere monitored by electrocardiography, noninvasive sphyg-
omanometry, and pulse oximetry. After 4 min of IV
denosine infusion (140 g/kg/min; Adenoscan, Sanofi-
ynthelabo, Guildford, United Kingdom), or earlier if
ngina was provoked, a gadolinium-based contrast agent
Gadodiamide, Omniscan, GE Healthcare, Amersham,
nited Kingdom) was administered at a dose of 0.04
mol/kg body weight (IV injection rate 6 ml/s), followed
y a 15-ml saline flush at the same rate. The contrast dose
as chosen to allow repeat measurement after a delay of at
east 1 h and to be within the dose range used previously for
emiquantitative analysis of perfusion (9). Perfusion images
ere acquired every cardiac cycle during the first pass of
ontrast, using a T1-weighted fast-gradient echo (turbo fast
ow-angle shot) sequence (echo time 1.04 ms, repetition
ime 2 ms, saturation recovery time 100 ms, voxel size 2.1
.6  8 mm; flip angle 18o at 1.5-T and 17o at 3-T) while
atients held their breath for as long as possible in end-
nspiration. The last 38 patients underwent parallel imaging
ith 2-fold acceleration at both field strengths. Four short-
xis slices, positioned from the base to the apex of the LV,
ere obtained. The same imaging sequence was repeated 15
in later without adenosine to obtain perfusion images at
Abbreviations
and Acronyms
CAD  coronary artery
disease
CMR  cardiovascular
magnetic resonance
CNR  contrast-to-noise
ratio
IV  intravenous
LAD  left anterior
descending
LV  left ventricle
MI  myocardial infarction
PET  positron emission
tomography
RCA  right coronary
artery
ROC  receiver operating
characteristic
ROI  region of interest
SI  signal intensity
SNR  signal-to-noise ratio
SPECT  single-photon
emission computed
tomography
T  Teslaest.
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Utility of 3-T Perfusion CMR for Detection of CAD June 26, 2007:2440–9oronary angiography. Less than 2 weeks after the CMR
xamination, all patients underwent coronary angiography
sing standard techniques. Images of the coronary arteries
ere obtained in multiple projections, and, as much as
ossible, overlap of side branches and foreshortening of
elevant coronary stenoses was avoided.
MR analysis. For each patient, using Argus software
version VA60C, Siemens AG), left ventricular end-
iastolic and -systolic volumes, ejection fraction, and mass
ere calculated in the standard way by manually tracing the
ndocardial and epicardial contours in end-diastolic and
systolic images obtained at 1.5-T.
Perfusion CMR scans were interpreted in random order
y 2 observers acting in consensus, blinded to all data,
ncluding clinical information, field strength, and angio-
raphic and cine CMR findings. For visual grading of
erfusion deficits, stress and rest perfusion scans were
agnified and displayed simultaneously. The presence of a
erfusion deficit was defined by the following criteria: 1) the
egional hypoenhancement persisted for more than 3 phases
fter maximal enhancement of segments that appeared most
ormal, 2) the area of hypoenhancement corresponded with
coronary artery territory (left anterior descending artery:
nterior or septal segments; left circumflex artery: lateral
egments; right coronary artery: inferior segments), and 3)
egional signal intensity or contrast enhancement was re-
uced or delayed compared to other myocardial segments in
he same slice. Within this definition, perfusion deficits
ould be either fixed (present at stress and rest) or inducible
present at stress only). Perfusion analysis of each myocar-
ial segment (except the apex) was performed using the
7-segment model recommended by the American Heart
ssociation (14). Each myocardial segment was graded as 0
normal), 1 (possible perfusion deficit), or 2 (definite per-
usion deficit). A third observer interpreted all segments
hat were graded as “possible perfusion deficits” and the
ajority decision of all 3 observers was used to determine
he presence or absence of a perfusion deficit. The presence
f artifacts was graded according to type (respiratory, dark
im, reconstruction, and so forth) and severity.
In 30 patients, the mid-ventricular slice of the rest scan
as selected by an observer blinded to patient information
nd field strength. For all phases in each selected slice, using
rgus software, the observer measured the mean signal
ntensity (SI) in a region of interest (ROI) at least 12 pixels
n size, placed in the anteroseptal myocardial segment, as
ell as the standard deviation of the noise in a circular
egion outside the body and anterior to the chest wall. Care
as taken to avoid epicardial fat and ventricular cavity blood
ool. Image SNR was calculated as (peak SI in the ROI)/
SD of noise), and CNR of the SI traces was calculated as
peak SI in the ROI  mean before-contrast SI in the
OI)/(SD of before-contrast SI in the ROI).
ngiographic analysis. The diagnostic X-ray angiogram
erved as the reference standard in defining the degree of
oronary stenosis. Each myocardial segment was ascribed a woronary artery territory according to standard criteria (14).
ny lesion with a diameter stenosis of 40% by handheld
aliper was subsequently analyzed by computerized quanti-
ative methods using the Siemens Quantcor Coronary
nalysis software. The contrast-filled catheter was used for
mage magnification calibration. Significant CAD was de-
ned angiographically as the presence of at least 1 stenosis
f 50% diameter in any of the main epicardial coronary
rteries or their branches with a diameter of 2 mm.
tatistical analysis. Data analysis was performed using
PSS 14.0 for Windows (SPSS Inc., Chicago, Illinois).
ontinuous data were compared using t tests, which were
aired where appropriate (e.g., adenosine infusion time,
ulse rate, systolic and diastolic blood pressure, rate pressure
roduct, SNR, CNR). Chi-square tests were used to com-
are discrete data. The Fisher exact test was used when the
ssumptions of the chi-square test were not met. Using
omputer software (Medcalc 9.1.0.1, Mariakerke, Belgium),
eceiver-operating characteristic (ROC) curve analyses were
erformed to compare the diagnostic performance of per-
usion CMR at each field strength (15,16). Statistical tests
ere 2-tailed, and p 0.05 was considered to be significant.
esults
tudy population. A total of 65 consecutive patients were
nrolled in the study. In 3 patients, both 1.5- and 3-T CMR
cans could not be completed: 2 patients were claustropho-
ic, and 1 could not tolerate adenosine. Hence, 62 of 65
95%) of the study cohort successfully completed both
MR scan protocols. One patient successfully completed
oth CMR scans, but X-ray coronary angiography was
ancelled for clinical reasons unrelated to the CMR find-
ngs. Thus, 61 patients (94% of the cohort) were included in
he final analysis, of whom 34 (56%) had their first perfusion
MR scan performed at 1.5-T.
Table 1 outlines the baseline characteristics of the study
ohort. Seventy-five percent of the cohort were men with a
ean age of 64 years, reflecting the referral pattern for
iagnostic angiography in our hospital. Although women
epresented only one-quarter of the study group, they
ccounted for more than one-half of the normal studies in
ur cohort. X-ray coronary angiography demonstrated sig-
ificant coronary artery stenoses in 66% of patients (40 of
1). There was an even distribution of patients with no
ignificant CAD (n  21) and single-vessel (n  19) or
ultivessel (n  21) disease. In terms of the anatomic
ocation of the coronary stenoses, 30 patients (49%) had
ignificant left anterior descending (LAD) coronary artery
tenosis, 20 (33%) had significant left circumflex coronary
rtery stenosis, and 25 (41%) had significant right coronary
rtery (RCA) stenosis. Although the prevalence of CAD
as high, and more than one-half of patients with signifi-
ant coronary disease had more than 1 affected vessel, mean
V ejection fraction was well preserved at 68  9%. There
as a trend (p  0.08) to increased mass index in those
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June 26, 2007:2440–9 Utility of 3-T Perfusion CMR for Detection of CADatients with CAD, possibly related to the predominance of
en in this group.
Adenosine was infused for a similar period of time at both
eld strengths, and there was no difference between the field
trengths in the subsequent hemodynamic response (Table 2).
nly 1 patient had significant symptoms (dyspnea) as a
esult of adenosine that required premature termination of
he examination. Nine scans (7%) were complicated by a
ery short period of heart block (lasting 5 s), all of which
Baseline Characteristics of the Cohort
Table 1 Baseline Characteristics of the Coh
En
(
Demographic data
Men 4
Age (yrs)
CCS class 1
Risk factors for coronary artery disease
Cigarette smoking
Current smoker 1
Ex-smoker 2
Hypertension 3
Hypercholesterolemia 4
Diabetes 1
Family history 2
3 risk factors 3
Previous myocardial infarction
Previous PCI 1
Medications
Aspirin 6
Beta-blocker 5
ACE inhibitor 3
Statins 4
Nitrate 1
Calcium-channel blocker 1
Left ventricular function
Ejection fraction (%)
End-diastolic volume index (ml/m2)
End-systolic volume index (ml/m2)
Stroke volume index (ml/m2)
Mass index (g/m2)
Presence of regional wall motion abnormality 1
ACE angiotensin-converting-enzyme; CAD coronary artery disease a
Society Score; PCI  percutaneous coronary intervention.
emodynamic Data at Peak Stressor Perfusion Im ging at 1.5- and 3-T
Table 2 Hemodynamic Data at Peak Stressfor Perfusion Imaging at 1.5- and 3-T
1.5-T 3-T p Value
Adenosine infusion time (s) 220 45 212 42 0.17
Pulse rate (beats/min) 77 11 78 12 0.78
Systolic blood pressure
(mm Hg)
133 22 132 20 0.84
Diastolic blood pressure
(mm Hg)
74 12 73 12 0.66
Rate-pressure product
(mm Hg  beats/min)
10,269 2,474 10,248 2,276 0.93i Tesla.esolved on stopping the infusion and did not prevent
ompletion of both CMR scans.
etection of CAD. When all patients were considered,
-T CMR perfusion imaging provided a higher (although
ot statistically significant) diagnostic accuracy (90% vs.
2%, p  0.33), sensitivity (98% vs. 90%, p  0.38),
pecificity (76% vs. 67%, p  0.73), positive predictive
alue (89% vs. 84%, p  0.55), and negative predictive
alue (94% vs. 78%, p  0.34) for the detection of
ignificant coronary stenoses compared to 1.5-T CMR
erfusion imaging (Table 3). Perfusion imaging (3-T)
ailed to detect coronary disease in only 1 patient, who
ad a 60% stenosis of the distal RCA. At a threshold for
ignificant coronary stenosis of 70% (rather than 50%),
-T continued to provide higher diagnostic accuracy
77% vs. 69%), sensitivity (100% vs. 90%), and specificity
55% vs. 48%) than 1.5-T. The diagnostic performance of
-T was higher than at 1.5-T, irrespective of the order in
hich the scans were performed. When imaging was
erformed at 1.5-T first, the area under ROC curve was
.85  0.07 vs. 0.78  0.08, respectively. Similarly, when
roup
1)
No CAD
(n  21)
CAD
(n  40) p Value
%) 11 (52%) 35 (88%) 0.01
64 7 64 9 0.85
.7 1.6 0.7 1.8 0.8 0.52
%) 3 (14%) 9 (23%) 0.52
%) 8 (38%) 18 (45%) 0.79
%) 9 (43%) 26 (65%) 0.11
%) 16 (76%) 31 (78%) 1.00
%) 2 (10%) 8 (20%) 0.47
%) 10 (48%) 15 (38%) 0.59
%) 8 (38%) 28 (70%) 0.03
%) 3 (14%) 6 (15%) 1.00
%) 4 (19%) 8 (20%) 1.00
%) 21 (100%) 39 (98%) 1.00
%) 14 (67%) 30 (75%) 0.56
%) 9 (43%) 23 (58%) 0.30
%) 18 (86%) 37 (93%) 0.41
%) 5 (24%) 11 (28%) 1.00
%) 2 (10%) 9 (23%) 0.30
67 13 69 7 0.44
8 76 24 72 15 0.45
6 28 25 23 9 0.26
48 9 49 9 0.68
4 55 14 62 14 0.08
%) 4 (19%) 13 (33%) 0.37
ed by coronary artery stenosis50%; CCS Canadian Cardiovascularort
tire G
n  6
6 (75
64 8
.7 0
2 (20
6 (43
5 (57
7 (77
0 (16
5 (41
6 (59
9 (15
2 (20
0 (98
5 (90
2 (52
4 (72
6 (26
1 (18
68 9
74 1
25 1
49 9
60 1
7 (28maging was performed at 3-T first, the area under ROC
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Utility of 3-T Perfusion CMR for Detection of CAD June 26, 2007:2440–9urve was 0.91  0.06 vs. 0.79  0.09, respectively.
xcluding patients with a history of prior MI reduced
ensitivity (97% at 3-T and 88% at 1.5-T) and increased
pecificity at 3-T to 83%. Figures 1 and 2 demonstrate
atient examples at both field strengths.
The diagnostic performance of 3-T perfusion imaging
as significantly greater than that of 1.5-T in identifying
oth single-vessel disease (area under ROC curve: 0.89 
.05 vs. 0.70 0.08; p 0.05) and multivessel disease (area
Diagnostic Performance of 1.5- and 3-T PerfusioImaging for the Detection of Significant Coronar
Table 3 Diagnostic Performance of 1.5- andImaging for the Detection of Signifi
Overall detection of coronary artery disease
Sensitivity
Specificity
Positive predictive value
Negative predictive value
Diagnostic accuracy
Accurate detection of single-vessel disease
Sensitivity
Specificity
Positive predictive value
Negative predictive value
Diagnostic accuracy
Accurate detection of multivessel disease
Sensitivity
Specificity
Positive predictive value
Negative predictive value
Diagnostic accuracy
Proportions expressed as percentage (fraction) (95% confidence inter
T  Tesla.
Figure 1 Examples of Agreement Between the 2 Field Strength
The angiogram of Patient #1 (top row) in the right lateral (right anterior oblique 90
nary artery after the bifurcation of the first diagonal (between the 2 full black arro
and the LAD territory is partially collateralized from the diagonal branch. There are
at both field strengths (white arrows). Patient #2 (bottom row) had a 70% stenos
(T) imaging (white arrows).nder ROC curve: 0.95  0.03 vs. 0.82  0.06; p  0.05).
owever, there was no statistical difference between field
trengths for the overall detection of coronary disease (area
nder ROC curve: 0.87  0.05 vs. 0.78  0.06; p  0.23)
Table 4). The ROC curves for this data are presented in
igure 3.
etection of anatomic location of CAD. We found that
-T CMR perfusion imaging identified the anatomic loca-
ion of coronary disease with high accuracy. For the LAD
ery Stenosis
erfusion
Coronary Artery Stenosis
1.5-T 3-T
(36/40) (82–95) 98% (39/40) (91–100)
(14/21) (51–77) 76% (16/21) (63–80)
(36/43) (76–89) 89% (39/44) (82–91)
(14/18) (60–90) 94% (16/17) (78–99)
(50/61) (71–89) 90% (55/61) (81–93)
(13/19) (50–83) 90% (17/19) (74–97)
(30/42) (63–78) 88% (37/42) (81–91)
(13/25) (38–63) 77% (17/22) (64–84)
(30/36) (74–91) 95% (37/39) (87–98)
(43/61) (59–80) 89% (54/61) (79–93)
(15/21) (56–80) 95% (20/21) (83–99)
(37/40) (85–97) 95% (38/40) (89–97)
(15/18) (66–93) 91% (20/22) (79–95)
(37/43) (79–90) 97% (38/39) (91–100)
(52/61) (75–91) 95% (58/61) (87–98)
the Identification of Significant Coronary Artery Disease
jection demonstrates a subtotally occluded left anterior descending (LAD) coro-
e LAD continues partially filled (indicated by the 3 intermittent black arrows)
ponding stress perfusion deficits in the anteroseptal and inferoseptal segments
he right coronary artery, with corresponding perfusion deficits at 1.5- and 3-Teslany Art
3-T P
cant
90%
67%
84%
78%
82%
68%
71%
52%
83%
71%
71%
93%
83%
86%
85%s for
o) pro
ws). Th
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June 26, 2007:2440–9 Utility of 3-T Perfusion CMR for Detection of CADoronary artery, 3- and 1.5-T perfusion imaging had sensi-
ivities of 97% versus 87%, specificities of 87% versus 71%,
nd diagnostic accuracies of 92% versus 79% for each field
trength, respectively (Figs. 1 and 2). There was a strong
rend to improved diagnostic performance at 3-T for detec-
ion of significant LAD stenoses compared to 1.5-T (area
nder ROC curve: 0.92 0.04 vs. 0.79 0.06, respectively;
 0.05). Disease of the circumflex coronary artery was
ore difficult to detect at both field strengths. The large
ajority of stenosed circumflex coronary arteries (19 of 20)
ccurred in the context of multi-vessel disease, which might
ave accounted for the poorer performance of both field
trengths when assessed visually. The sensitivity, specificity,
nd diagnostic accuracy was 30%, 98%, and 75%, respec-
ively, for 1.5-T imaging. Diagnostic performance of 3-T
maging for detection of significant circumflex stenoses was
ignificantly greater than that at 1.5-T (area under ROC
urve: 0.84  0.06 vs. 0.64  0.08, respectively; p  0.05),
Figure 2 Examples of the Superiority of 3-T Imaging When Com
Patient #1 (top row) has a 70% stenosis of the left anterior descending (LAD) cor
sion deficit in the anteroseptal segment, visual assessment of the 1.5-T scan faile
artery disease (left system not shown). Although 1.5-T imaging demonstrates a pe
stenosis, it fails to identify a perfusion deficit relating to the 90% stenosis in the r
rior, anteroseptal, inferoseptal, and inferior segments (white arrows), correspondi
Diagnostic Performance of 1.5- and 3-T Perfusiothe Detection of the Extent and Distribution of
Table 4 Diagnostic Performance of 1.5- andthe Detection of the Extent and Dis
Single-vessel disease 0.70
Multivessel disease 0.82
Overall 0.78
Left circumflex coronary artery disease 0.64
Right coronary artery disease 0.91
Left anterior descending coronary artery disease 0.79Area under receiver-operator characteristic curve expressed as mean  stan
T  Tesla.ecause 3-T imaging detected a further 8 lesions in this
ohort. This improved sensitivity to 70%, specificity to 98%,
nd diagnostic accuracy to 89%. There was no significant
ifference in diagnostic performance of 3- and 1.5-T for
etection of significant RCA stenoses (area under ROC
urve: 0.90  0.04 vs. 0.91  0.04, respectively; p  0.98),
ith diagnostic accuracy of 90% vs. 92%, sensitivity of 92%
s. 84%, and specificity of 89% vs. 97% for 3- and 1.5-T,
espectively.
mage analysis and artifacts. All images acquired were of
ufficient quality for analysis, and no images were excluded.
here was no significant difference in the number of scans
lassified as having a “possible perfusion deficit” that re-
uired interpretation by a third reviewer: 7 of 61 (11.5%)
cans at 3-T and 4 of 61 (6.6%) scans at 1.5-T (p  0.30).
ark-rim artifacts (17) (hypoenhanced zone in the suben-
ocardial layer before contrast material arrival) were ob-
erved more commonly at 1.5-T compared with 3-T (23%
d to 1.5-T
artery. Whereas 3-Tesla (T) imaging demonstrates a corresponding stress perfu-
elineate a deficit. Patient #2 (bottom row) had significant multivessel coronary
deficit of the anterior segment (white arrow), corresponding to a LAD coronary
ronary artery. The 3-T imaging detects reversible perfusion deficits in the ante-
significant stenoses in the left anterior descending and right coronary arteries.
ging forcant Coronary Artery Disease
erfusion Imaging for
tion of Significant Coronary Artery Disease
a Under Receiver-Operator Characteristic Curve
.5-T 3-T p Value
8 (0.57–0.81) 0.89 0.05 (0.78–0.95) 0.05
6 (0.70–0.91) 0.95 0.03 (0.86–0.99) 0.05
6 (0.66–0.88) 0.87 0.05 (0.76–0.94) 0.23
8 (0.51–0.76) 0.84 0.06 (0.72–0.92) 0.05
4 (0.80–0.97) 0.90 0.04 (0.80–0.97) 0.98
6 (0.67–0.88) 0.92 0.04 (0.82–0.97) 0.05pare
onary
d to d
rfusion
ight co
ng ton ImaSignifi
3-T P
tribu
Are
1
 0.0
 0.0
 0.0
 0.0
 0.0
 0.0dard error (95% confidence interval).
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econstruction artifacts attributable to parallel imaging in
he region of the heart occurred in 4 patients (6%) at 3-T
nd 2 patients (3%) at 1.5-T (p  0.4).
NR and CNR. As expected, 3-T perfusion imaging
rovided a significant increase in both SNR (17  6 at 3-T
s. 11  2 at 1.5-T; p  0.01) and CNR (17  10 at 3-T
s. 11  4 at 1.5-T; p  0.01) compared with 1.5-T
Fig. 4). Although the order of the scans was randomized in
balanced manner, a further analysis was performed to
lucidate whether the order of the scans influenced SNR or
NR. We found that SNR was significantly higher at 3-T
ompared with 1.5-T in those who had their first scan
erformed at 1.5-T (15.9  6.25 vs. 10.6  4.68, respec-
ively, p  0.01) and also in those who had their first scan
erformed at 3-T (17.8 6.34 vs. 12.1 2.51, respectively,
 0.01). Similarly, CNR was higher at 3-T compared
ith 1.5-T in those who had their first scan performed at
.5-T (16.3  10.3 vs. 10.6  4.68, respectively, p  0.08)
nd also in those who had their first scan performed at 3-T
17.7  9.97 vs. 11.8  3.72, respectively, p  0.05).
iscussion
he principal finding in this prospective study is that 3-T
erfusion CMR is superior to 1.5-T perfusion CMR in the
iagnosis of significant single-vessel and multivessel coro-
ary disease. In a routine clinical setting, with more than
5% of the enrolled patients successfully completing both
MR studies, 3-T perfusion CMR had high sensitivity
98%) and negative predictive value (94%), indicating sig-
ificant clinical utility as a screening tool. Our findings have
mportant implications for the noninvasive assessment of
yocardial ischemia and for defining the role of high-field
MR systems in current clinical practice.
To the best of our knowledge, this is the first study to
ssess systematically the utility of 3-T CMR perfusion
maging in diagnosing CAD in contemporary clinical prac-
ice. Prior studies at 1.5-T have shown that semiquantitative
ssessment of perfusion has good accuracy for detection of
AD, with a sensitivity of 91% and a specificity of 94% for
etecting CAD as defined by PET (8) and a sensitivity of
7% to 88% and specificity of 85% to 90% compared to
uantitative coronary angiography (8,9). However, visual
ssessment of perfusion CMR at 1.5-T has usually per-
ormed less well compared to semiquantitative assessment,
ith a sensitivity of 82% to 91% and specificity of 62% to
3% (11,18). Direct comparison between these studies is
onfounded by variation in pulse sequence, contrast dose,
nd angiographic definition of significant CAD. Paetsch et
l. (18), in a study of 79 patients, of whom 67% had
ignificant coronary disease using the same 50% coronary
tenosis definition as we did, found that 1.5-T CMR
erfusion imaging had a sensitivity of 91%, a specificity of
2%, and diagnostic accuracy of 81%, findings similar to theFigure 3 Receiver-Operating Characteristic Curves
(A) Receiver-operating characteristic curves for visual assessment of 1.5- and
3-Tesla (T) perfusion imaging for the correct identification of significant coro-
nary artery disease. There was no significant difference in diagnostic perfor-
mance of perfusion imaging between the field strengths (p  0.23). (B)
Receiver-operating characteristic curves for visual assessment of 1.5- and 3-T
perfusion imaging for the correct identification of single vessel disease. The
diagnostic performance of 3-T perfusion imaging was significantly greater (p 
0.05). (C) Receiver-operating characteristic curves for visual assessment of
1.5- and 3-T perfusion imaging for the correct identification of multivessel dis-
ease. The diagnostic performance of 3-T perfusion imaging was significantly
greater (p  0.05). AUC  area under the curve..5-T arm of our study.
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June 26, 2007:2440–9 Utility of 3-T Perfusion CMR for Detection of CADOur significant increases in SNR and CNR for perfusion
MR at 3-T, compared with 1.5-T, are consistent with
arlier work (12,13). The significantly higher diagnostic
ccuracy of 3-T perfusion found in our study is attributed to
combination of increased SNR, allowing detection of
eductions in endocardial perfusion (the most sensitive
arameter for a reduction of overall coronary blood flow
19]) and reduced occurrence of dark-rim artifact at 3-T.
he latter can often be confused as a real perfusion deficit
nd probably explains the lower specificity seen at 1.5-T.
We used visual analysis in our cohort, as this is the most
ommonly used method in clinical practice and we wanted
o compare the clinical utility of each field strength in the
ame population. Absolute and semiquantitative measure-
ents of perfusion CMR have an important role in assess-
ng myocardial blood flow in a research setting (5,20), but
equire time and labor-intensive afterprocessing and are not
erformed routinely in clinical practice.
Recently, Klem et al. (11) proposed that a combined
MR approach of stress-rest perfusion imaging followed by
elayed enhancement imaging (DE-CMR) at 1.5-T is
uperior to perfusion imaging alone for depicting clinically
ignificant coronary artery stenosis. Their study population
iffers from ours in that the prevalence of CAD is lower
40% vs. 66%), and they excluded patients with previous
evascularization and MI. Notwithstanding these important
ifferences, the performance of perfusion analysis alone in
heir study is lower than the performance of 1.5-T in our
tudy, while using the interpretative algorithm incorporat-
ng DE-CMR in addition to perfusion markedly increases
pecificity in their cohort. Although DE-CMR was not
erformed in the current study, we have recently shown, in
separate population of patients with confirmed MI, that
here was strong agreement between 1.5- and 3-T in the
ass and transmural extent of hyperenhancing myocardium
Figure 4 Boxplot Graphs Demonstrating a Significant Increase
(A) Signal-to-noise ratio (SNR). (B) Contrast-to-noise ratio (CNR). p  0.01 for bothen using the same pulse sequence (21). Hence, the hddition of DE-CMR to the imaging protocol at 3-T is
linically robust and might increase the specificity of 3-T
erfusion imaging alone in this clinical setting.
As expected, we found greatly reduced specificity for
etecting stenoses 70% at both field strengths, whereas
ensitivity was increased at 3-T. This mirrors the findings of
lem et al. (11), who found similar changes in diagnostic
erformance dependent on the severity of coronary stenosis
detection of coronary stenosis70%, as opposed to50%,
esulted in a reduction in specificity from 63% to 58% and
n increase in sensitivity from 82% to 84%). It is salient to
ote that all 8 patients in our study who had lesions that
ere quantified between 50% and 69% had corresponding
erfusion deficits; of these, 6 proceeded to coronary revas-
ularization, and 2 were treated medically. Hence, despite
eing unaware of the CMR findings, the treating interven-
ional cardiologist or cardiac surgeon considered these
esions to be clinically significant.
We attempted to avoid before-test referral bias by recruit-
ng only those patients referred for diagnostic coronary
ngiography and not “healthy” volunteers, and after-test
eferral bias by performing X-ray coronary angiography after
nd independent of CMR findings. Our data at 3-T
ompare favorably with the published work on SPECT
maging under similar clinical circumstances. After adjust-
ng for selection bias, Cecil et al. (22) found a corrected
ensitivity and specificity of 82% and 59%, respectively, and
iller et al. (23) found a corrected sensitivity and specificity
f 65% and 67%, respectively, for the detection of CAD by
PECT imaging. Compared with these results, the accuracy
f visual assessment of perfusion CMR at 3-T indicates
linical utility, particularly taking into account its additional
dvantages of safety, tolerability, lack of ionizing radiation,
nd short examination time.
We found that perfusion imaging at either field strength
th SNR and CNR at 3-T Compared With 1.5-T
Tesla.in Bo
h. T ad lower sensitivity for detection of significant coronary
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Utility of 3-T Perfusion CMR for Detection of CAD June 26, 2007:2440–9isease in the circumflex coronary artery compared to the
AD and RCA. Almost all (19 of 20) stenosed circumflex
oronary arteries in our cohort were in the context of
ulti-vessel disease, and it is more difficult to detect
ypoperfused myocardium in the case of “balanced” disease,
specially by nonquantitative means. This difficulty might
ave been most acute in the circumflex territory because it is
arthest from the radiofrequency coil and because visual,
nlike semiquantitative, assessment of perfusion imaging
annot correct signal intensity for distance from the coil.
e expect that semiquantitative assessment of images
btained by perfusion CMR at 3-T will provide even greater
iagnostic accuracy for detection of significant coronary
tenosis, most improved in the circumflex territory (9).
Residual contrast at the time of acquisition of the second
et of perfusion images in each particular patient may have
nfluenced the diagnostic accuracy or the SNR or CNR
easured. However, in healthy human volunteers, Wein-
ann et al. (24) demonstrated that plasma concentration of
adolinium declines according to a bi-exponential function
ith a distribution phase with a mean half-life of 12  7.8
in and concluded that its efficiency to enhance signal
ntensity will last only up to about 1 h after intravenous
njection of 0.1 mmol/kg body mass. Accordingly, in our
MR protocol, the time interval between the sets of images
cquired on each system was at least 1 h for each patient,
nd randomization of the order of the scans was balanced to
void bias. Furthermore, our data indicate that the order of
he scans did not influence diagnostic accuracy, SNR, or
NR at either field strength.
tudy limitations. Although we found a significant supe-
iority of 3-T over 1.5-T for the diagnosis of single-vessel
nd multivessel disease, we did not find a statistically
ignificant difference between the 2 field strengths in the
verall results. This is likely to be due to the small number
f patients in this study, with consequent lower statistical
ower. Furthermore, ROC analysis indicated higher area
nder the curve values for 3-T in the overall analysis, as well
s individual artery territories. We did not compare perfu-
ion CMR with other myocardial perfusion techniques,
uch as SPECT and PET. The X-ray coronary angiogram
s an imperfect reference standard but remains the estab-
ished technique for making decisions regarding revascular-
zation in clinical practice. Unlike perfusion CMR, X-ray
oronary angiogram does not provide evaluation of hemo-
ynamic severity of a stenosis and, consequently, the sensi-
ivity and specificity of perfusion CMR might be reduced in
ertain predictable situations. The presence of a coronary
tenosis of at least 50% supplying an area of myocardium
hat is well collateralized might fail to produce a perfusion
eficit, even at stress, leading to a false-negative result.
imilarly, perfusion CMR may yield false-positive results in
icrovascular disease and where a coronary artery supplying
n area of MI has opened spontaneously or after therapeutic
ntervention. This was highlighted by the increase in spec-ficity when patients with a history of prior MI were
xcluded from the analysis.
The true apex was not visualized in the perfusion images
sing our approach. However, a study by Elkington et al.
25) showed that long-axis views did not provide helpful
nformation over short-axis slices alone and did not visualize
nducible perfusion deficits in the true apex that had been
emonstrated with SPECT studies. We therefore decided
o maximize the number of short-axis slices, within the
imits of the scanning sequence, to achieve maximum
overage of the left ventricle.
onclusions
e found that 3-T CMR perfusion imaging is clinically
easible and is superior to 1.5-T CMR perfusion imaging
or identification of significant single-vessel and multivessel
oronary disease in patients suspected of CAD, most likely
ecause of an increase in SNR. Quantitative/semiquantitative
erfusion analysis and addition of other sequence tech-
iques, such as function and delayed enhancement imaging,
s part of the comprehensive CMR protocol at 3-T could
urther improve diagnostic accuracy.
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